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ABSTRACT 

'J  Raman  scattering  and  FTIR  reflectance  spectroscopies  have  been  used  to  examine  p-InP/oxide 
surfaces.  The  thin  anodic  oxide  film  grown  in  pH  6  tartaric  add  solutions  is  found  to  be  primarily  indium 
dihvdrogen  phosphate.  This  layer  gives  rise  to  an  appreciable  reduction  in  band  bending  (as  much  as  300 
mV)  which  is  similar  to  that  obtained  by  open  circuit  photovoltage  measurements.  The 
photocurrent-voltage  behavior  of  p-InP/oxide  shows  that  the  growth  of  anodic  oxide  at  p-InP  intro¬ 
duces  significant  surface  stales  which  act  as  surface  recombination  centers.j- 

i 

INTRODUCTION 

u 

Considerable  interest  has  been  shown  in  recent  years  in  the  compound  semicon¬ 
ductor  p-InP  because  of  its  importance  in  application  in  semiconductor  electronic 
devices  and.  photoelectrochemical  solar  cells.  The  efficiency  and  performance  of 
these  devices  depend  very  critically  on  the  surface  preparauon.y  For  example, 
fabrication  of  inversion-layer  metal-insulated-semiconductor  field-effect  transistors 
(MISFETs)  on  p-InP  requires  surfaces  grown  oxides  with  good  insulating  proper¬ 
ties.  With  respect  to  the  InP  photoelectrocbemical  solar  cell  (PEC)  device,  surface 
quality  again  determines  success  in  high  efficiency.  Heller  et  al.  [1]  have  investigated 
the  pathways  by  which  p-InP  photocathodes  for  hydrogen  evolution  is  effected;  in 
particular  they  have  investigated  how  platinum  incorporation  modifies  the  ability  of 
p-lnP  to  generate  hydrogen  efficiently  with  a  small  external  bias  voltage.  Surpris¬ 
ingly  it  seems  not  only  possible  but  also  necessary  to  have  a  thin  oxide  film  present 
during  hydrogen  evolution  in  order  to  maintain  long  term  photocathode  stability. 

_  r * 
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The  remarkable  stability  of  this  oxide  film  allows  the  cell  to  be  operated  in  strongly 
acidic  solutions  (e.g.  in  3  M  HC1).  Heller  et  al.  [2]  have  therefore  attempted  to  find 
optimum  conditions  for  the  formation  of  the  oxide.  One  successful  system  has  been 
the  treating  of  the  electrode  with  alkaline  peroxide  and  KCN.  Prior  to  thxse 
experiments,  less  systematic  work  has  been  performed  on  p-InP  demonstrating 
enhancement  of  PEC  performance.  Such  studies  have,  however,  been  performed  on 
solid-state  MOS  devices,  which  is  well  known  in  many  respects  to  be  analogous  to 
liquid  junction  PEC  cells.  Several  methods  for  formation  of  an  oxide  film  on  p-InP. 
including  anodic  oxidation  [3],  thermal  oxidation  of  p-InP  [4]  and  chemical  vapor 
deposition  (CVD)  of  SiO,  [5]  or  Al203  [6]  have  been  studied.  Due  to  the  low 
decomposition  temperature  for  p-InP  [7],  the  temperature  for  the  thermal  processes 
is  limited  to  comparatively  low  values.  From  this  point  of  view,  anodic  oxidation 
has  an  advantage  in  that  it  can  be  performed  at  room  temperature.  It  has  therefore 
become  a  popular  surface  oxide  film  preparation  method  for  electrochemical  and 
other  studies  of  either  solid-state  devices  or  liquid  junction  solar  cells. 

The  design  of  experiments  to  enhance  efficiency  of  a  p-InP  phoxocathode  by 
preparation  of  an  anodic  oxide  film  in  various  electrolytes  is,  however,  largely 
empirical  and  detailed  surface  characterization  of  the  semiconductor  surface  is 
important  and  necessary  in  order  to  determine  the  role  of  oxide  film.  Lewerenz  et  al. 
[8]  have  used  spectroscopic  ellipsometry  and  low-energy  (He)  ion-scattering  spec¬ 
troscopy  to  show  that  a  hydrated  Film  of  ln203  is  formed  on  p-InP  by  acid  or 
bromine  methanol  etching  procedures.  Wilmsen  and  co-workers  [9,10]  have  pre¬ 
sented  Auger  and  ESCA  analysis  of  the  anodic  oxide  composition  on  p-InP, 
demonstrating  the  oxide  of  p-InP  is  composed  of  ln203  and  P2Os.  Yamamoto  et  al. 
[11]  have  examined  the  composition  and  structure  of  oxide  on  p-InP  with  reflection 
electron  diffraction  illustrating  relations  between  anodic  oxide  preparation  condi¬ 
tions  and  the  electrical  properties.  In  addition  to  studies  on  other  semiconductors, 
Sakashita  et  al.  [12]  have  recently  applied  laser  Raman  backscattering  techniques  to 
study  the  composition  of  the  anodic  oxide  film  on  HgTe.  Raman  scattering  (RS)  is 
not  only  a  probe  to  identify  the  oxide  film  on  semiconductor,  but  also  has  proven  to 
be  a  useful  technique  for  obtaining  gain  information  about  surface  electronic  fields 
and  the  space-charge  region  (SCR)  from  the  surfaces  of  zincblend-type  semiconduc¬ 
tors  [13,14].  In  this  paper,  we  report  results  of  the  application  of  Fourier  transform 
infrared  spectroscopy  to  identify  the  composition  and  structure  of  the  thin  anodic 
oxide  film  on  p-InP  and  systematic  studies  of  electrical  and  photoelectrochemical 
properties  of  the  p-InP/xodie  surface  by  Raman  scattering  spectroscopy. 

EXPERIMENTAL 

A  Zn-doped  p-InP  single  crystal  wafer  purchased  from  Crystal  Comm  Inc.  had  a 
doping  density  of  6  x  1016  cm-3,  a  sxirface  orientation  of  (100)  and  a  resistivity  of 
1.2  Q  cm.  The  electrodes  for  Raman  scattering  and  electrochemical  measurements 
were  made  of  5  x  5  mm  square  crystals  and  the  one  for  FflR  measurements  was  a 
10  mm  diameter  disk.  The  ohmic  contact  to  the  crystal  was  made  with  In  +  Zn 
(95  +  5%)  alloy  and  mounted  on  a  glass  electrode  holder  with  epoxy  cement.  Prior 
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to  anodization,  the  electrode  surface  was  polished  with  0.3  jim  alumina  polishing 
powder  on  a  cloth  sheet  to  a  mirror  finish  and  afterward  etched  in  2% 
bromine/methanol  or  in  a  6 : 1 : 1 : 1  HN03  +  HC1  +  HQ04  +  CH«COOH  mixed 
acid  solution.  The  anodic  oxidation  of  the  p-InP  surface  was  accomplished  by 
cycling  the  p-lnP  electrode  from  -  0.3  V  to  varying  positive  potential  limits  (0.4  to 
0.7  V  vs.  SCE)  for  5  scans  at  a  sweep  rate  of  20  mV  s-1  in  a  3%  tartaric  add  + 
propylene  glycol  (1 : 3  ratio,  buffered  by  NH4OI.  ■>  pH  6).  The  electrochemical 
measurements  were  performed  in  a  conventional  three-electrode  component  cell 
which  had  a  quartz  window  at  the  bottom  parallel  to  the  semiconductor  electrode 
surface.  A  saturated  calomel  reference  electrode  was  used  in  aqueous  electrolyte 
experiments.  The  reference  electrode  used  in  n on-aqueous  electrolyte  was  a  silver 
wire  in  contact  with  a  solution  of  10“ 2  M  AgN03  and  0.1  M  tetra-n-butylam- 
monium  fluoroborate  (TBAF)  in  acetonitrile.  Platinum  was  used  for  the  counter 
electrode.  Acetonitrile  (Caledon  HPLC  grade)  was  dried  over  Woelm  neutral 
alumina  before  use. 

Electrochemical  experiments  were  performed  with  a  JAS  Instrument  Systems, 
Inc.  potentiostat  and  waveform  generator.  The  cell  was  placed  in  a  matte-black 
painted  and  ground-shielded  aluminum  cage  to  minimi  capacitatively  coupled 
noise  and  the  interference  of  ambient  light  in  the  laboratory.  The  differential 
capacitance  measurements  were  performed  with  the  equipment  mentioned  above 
and  an  Ithaco  Model  3961  two  phase  lock-in  amplifier.  A  sine  wave  with  6  mV  pp 
was  superimposed  on  a  slow  ramp  (*>  »  20  mV  s-1)  which  was  applied  to  the  p-InP 
electrode. 

Raman  scattering  spectra  were  measured  using  the  514.5  nm  line  of  an  Ar*  laser, 
and  a  Spex  double  monochromator  Raman  spectrometer.  The  configuration  of  the 
measurements  was  a  conventional  90°  scattering  geometry  and  the  direction  of  the 
propagation  of  the  incident  beam  was  at  an  angle  of  75°  with  respect  to  the  normal 
to  the  electrode  surface.  The  laser  beam  (  -  50  mW)  was  slightly  defocussed  on  the 
electrode  surface  to  prevent  local  overheating. 

The  infrared  reflectance  spectra  were  obtained  with  an  IBM  FT-98  vacuum 
spectrometer  modified  for  surface  studies  and  described  elsewhere  [15].  A  KBr 
beamsplitter  and  a  KBr  optical  bench  window  were  employed  in  the  measurements. 
The  infrared  detectors  used  in  these  experiments  were  cooled  HgCdTe  and  de- 
uterated  triglycine  sulfate  detectors.  The  interferograms  were  recorded  at  a  resolu¬ 
tion  of  8  cm-1  while  the  optical  bench  was  under  vacuum.  The  infrared  reflectance 
spectra  shown  in  the  figures  were  obtained  by  ratioing  the  average  of  2048  scans 
taken  at  each  of  two  electrode  surfaces.  Taking  one  spectrum  of  a  prepared 
electrode  surface  as  reference,  bands  in  the  spectra  extending  down  represent 
vibrational  modes  of  species  predominating  at  the  other  prepared  surface,  while  the 
bands  pointing  up  correspond  to  those  predominant  at  the  reference  surface. 

All  Raman  scattering  and  FTIR  reflectance  spectra  of  the  prepared  plnP 
electrode  surfaces  were  made  ex  situ.  After  preparation,  they  were  rinsed  in  triply 
distilled  water  and  clean  acetone,  and  dried  in  a  nitrogen  gas  stream.  The  sample 
chambers  in  the  Raman  and  FTIR  spectrometers  were  purged  with  dry  nitrogen. 
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RESULTS  AND  DISCUSSION 

The  photocurrent-voltage  behavior  of  the  semiconductor  electrode  is  affected  by 
the  location  of  the  band  edges.  With  respect  to  p-InP  photocathodes,  the  shifts  in 
the  position  of  the  band  edge  are  related  to  the  surface  preparation  methods. 
Figures  1-3  illustrate  in  the  Mott-Schottky  plots  that  the  flat-band  potential 
depends  on  the  etching  solution  and  etching  time.  For  the  p-InP  surface  etched  in 
6  :  1  :  1  :  1  HN03  +  HC1  +  HC104  +  CH3COOH  acid,  the  differential 
capacitance-potential  curves  of  the  forward  potential  scan  overlapped  that  of  the 
reverse  scan  at  a  sweep  rate  of  20  mV  s_1  in  the  dark  and  the  flat-band  potential 
was  independent  of  the  electrode  prepolarization.  A  shift  of  flat-band  potential, 
-  90  mV,  shown  from  the  intercepts  of  the  Mott-Schottky  plots  in  Fig.  1  occurred 
after  prolonged  etching.  This  positive  shift  in  the  flat-band  potential  decreased  and 
finally  reached  a  constant  value  of  +0.29  V  vs.  Ag/Ag+  whenever  the  etching  time 
was  longer  than  1  mm. 


E  rv  va.  Ag/Ag* 

Fi*.  1.  Mott-Schottky  plou  for  p-InP  in  0.1  M  TBAF  +  acetonitrile,  /  -1000  Hz,  electrode  etched  in 
6 : 1 : 1 : 1  nitric  +  perchloric  +  acetic  +  hydrochloric  add  for  (□)  10  t;  (n)  20  i;  (O)  30  s. 


L 


5 


The  band  edge  shift  of  an  p-InP  surface  etched  in  2%  Br2  +  CH3OH  was  not  as 
evident  as  that  observed  at  mixed  acid  etched  surface.  In  addition  the  hysteresis 
between  the  forward  and  reverse  scans  on  the  differential  capacitance — potential 
curves  were  observed  in  the  first  cycle  but  not  in  successive  cycles.  Since  the 
capacitance  measurements  were  carried  in  dry  acetonitrile  electrolyte,  we  may 
suggest  that  the  hysteresis  was  due  to  a  chemical  transformation  of  the  surface 
brought  about  dunng  the  first  forward  scan  rather  than  a  change  in  surface 
composition.  The  value  of  the  flat-band  potential  of  p-InP  etched  in  Br2  +  CH3OH 
is  0.25  V  vs.  Ag/Ag-,  less  positive  than  that  of  p-InP  etched  in  the  mixed  acid  (Fig. 
3). 

After  pre-etching  in  the  mixed  acids  or  the  Br2  +  CH3OH,  p-InP  was  oxidized  in 
tartaric  acid  +  propylene  glycol  by  controlled  positive  limit  potential  cycling.  The 
anodic  oxidation  current  was  observed  to  fall  in  successive  potential  scans  indicat¬ 
ing  that  a  passivating  and  resistive  oxide  film  grew  with  potential  cycling.  The 
integrated  charge  consumed  for  the  oxide  film,  as  calculated  from  the  cyclic 
voltammogram,  indicates  that  only  a  few  monolayers  of  oxide  are  formed.  However, 
Mott-Schottky  plots  with  different  positive  limits  of  anodic  oxidation  demonstrate 
a  significant  change  in  the  position  of  band  edges  (Figs.  2  and  3).  The  plateau  in  the 


E/V  v*.  Af/Afl* 

Fit  2.  Same  as  Fig.  1  except  etched  in  add  bath  (0)  and  then  anodicalfy  oxidized  in  3%  tartaric  add 
from  -0.4  V  vs.  SCE  lo  (O)  +0.4  V;  (a)  +0.5  V;  (•)  +0.6  V;  and  (□)  +0.7  V. 
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E/V  v«.  Ag/Ag* 


Fig.  3.  Same  as  Fig  1  except  (□)  etched  in  Br:  +  MeOH  for  15  s;  (a)  oxidized  in  3*  tartaric  add  from 
-0.4  to  +0.4  V  vs.  SCE;  (O)  oxidized  in  3%  tartaric  aad  from  -0.4  to  +0.5  V  vs.  SCE;  (•)  oxidized  m 
3%  tartaric  acid  from  -0.4  to  +0.7  V  vs.  SCE 


Mott-Schottky  plot  is  characteristic  evidence  of  Fermi  level  pinning.  Extrapolating 
the  plot  in  the  large  bandbending  potential  range  gives  a  negative  flat-band  shift  as 
large  as  330  mV  in  the  case  of  die  electrode  oxidized  at  a  positive  limit  oxidation 
potential  of  0.7  V  vs.  SCE  The  same  trend  with  smaller  shifts  in  flat-band  potential 
was  observed  at  the  anodically  oxidized  p-InP  pre-etched  in  Br2  +  CH3OH. 

Figure  4  shows  the  Raman  scattering  spectrum  measured  at  the  mechanically 
polished  p-lnP  surface.  Two  bands  were  observed  at  284  cm"1  and  349  cm"1, 
respectively.  The  dominant  first-order  scattering  process  in  semiconductors  is  due  to 
optical  phonons,  which  are  either  the  longitudinal  optical  (LO)  phonons  or  the 
transverse  optical  (TO)  phonons.  One  can  change  the  energy  of  the  phonon  that 
satisfy  the  conservation  requirements  and  thus  shift  the  band  location  in  the 
spectrum  of  the  scattered  light  by  changing  the  elastic  properties  of  the  crystal 
through  stress  or  other  lattice  disordering.  Raman  scattering  spectra  give  more 
insight  into  the  surface  properties  of  the  semiconductor  electrodes.  The  TO  and  LO 
optical  phonon  modes  have  been  reported  as  TO :  304  cm"1  and  LO :  346  cm"1  for 
n-InP  (100)  (14).  We  assign  the  284  cm'1  and  349  cm"1  band  as  TO  and  LO 
phonon  modes  for  our  p-lnP  samples.  The  discrepancy  between  the  reported  and 
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Fig.  4.  Raman  spectrum  of  p-InP  polished  with  0.3  pm  alumina  to  a  mirror  finish. 


observed  TO  phonon  mode  may  be  due  to  misorientation.  In  fact,  according  to  the 
relevant  symmetry  selection  rules,  the  TO  phonon  mode  is  forbidden  for  the  (100) 
face  orientation  [16].  In  practice,  however,  crystals  are  often  cut  -  5°  off  axis  for 
convenience  in  vapor-phase  growth;  this  slight  misorientation  is  usually  enough  to 
allow  weak  scattering  by  the  forbidden  phonons.  Another  reason  for  the  appearance 
of  the  TO  mode  is  that  a  90°  scattering  geometry  was  used  in  the  measurements 
[17.18]. 

Figure  5  illustrates  the  LO  phonon  mode  changes  with  the  etching  time  in  the 
mixed  acid  and  the  grown  oxide  film.  A  stronp  LO  phonon  mode,  344  cm-1  and  a 
weak  TO  phonon  mode  280  cm-1,  are  observed,  both  shifted  -  5  cm'1  to  lower 
frequency  compared  with  those  measured  at  mechanically  polished  surfaces.  For  the 
mixed  add  etched  surface  the  line  shape  of  the  LO  phonon  mode  is  narrower  than 
that  of  the  mechanically  polished  surface  indicating  the  surface  damages  have  been 
removed  by  the  chemical  etching  (surface  disorder  brings  about  a  broadening  effect 
on  LO  phonon  mode).  Enhancement  of  the  LO  mode  intensity  was  also  observed  on 
the  p-InP  surface  etched  in  the  mixed  add  for  longer  etching  times.  As  long  as  the 
anodic  oxide  him  was  grown  at  the  surface  in  tartaric  add  +  propylene  glycol,  the 
LO  phonon  mode  intensity  decreased  and,  by  contrast,  the  TO  phonon  mode 
intensity  increased,  as  shown  in  Fig.  5,  spectrum  c. 
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Fij.  5.  (i)  Same  u  Fig.  4  except  subsequently  etched  in  6:1: 1:1  mine  +  perchloric  +  acetic  + 
hydrochloric  aod  for  1  min.  (h)  Same  as  Fig.  4  except  etched  for  30  j.  (c)  Same  as  Fig.  4  except  oxidized 
in  3*  tartaric  add  +  propylene  glycol  from  -0.4  to  +0.7  V  vs.  SCE  after  etching  in  6:1 :1 :1  nitnc  + 
perchloric  +  aceac  +  hydrochloric  add  for  30  i. 

Raman  spectra  measured  at  the  Br2  +  CH3OH  etched  surface  show  a  decreased 
intensity  of  the  LO  phonon  mode  compared  to  that  observed  at  the  mixed-acid- 
etched  surface  (Fig.  6).  The  changes  in  intensity  of  the  LO  phonon  mode  between 
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Fig.  6.  Same  as  Fig.  4  except  (a)  subsequently  etched  in  Br3  +  MeOH  for  30  s,  (b)  oxidized  in  tartanc  acid 

+  propylene  glycol  from  -0.4  to  +0.7  V  after  Br3  +CH,OH  etching.  ’ 

i 

the  surfaces  etched  in  Br2  +  CHjOH  and  anodically  oxidized  in  tartaric  acid  + 
propylene  glycol  are  not  as  significant  as  those  observe  for  the  surfaces  etched  in  the 

mixed  acid.  In  contrast,  the  intensity  of  the  TO  phonon  mode  is  higher  (see  Figs.  5  | 

and  6). 
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At  the  surface  of  a  semiconductor,  a  space  charge  region  (SCR)  may  exist  m 
which  the  density  of  charge  carriers  is  different  from  that  in  the  bulk.  For  optical 
penetration  depths  larger  than  the  SCR  width,  the  Raman  spectra  will  show  the 
bands  of  the  coupled  modes  from  bulk  as  well  as  the  uncoupled  LO  phonon  band 
from  the  SCR.  Since  the  p-InP  used  in  experiments  has  a  low  doping  density,  the 
LO  phonon  mode  observed  in  Raman  scattering  spectra  is  originated  from  a  surface 
depletion  layer  at  p-InP  surfaces  provided  the  Raman  scattering  from  LO  phonon  in 
SCR  is  similar  to  that  in  an  undoped  crystal  [18].  The  intensity  of  the  unscreened 
LO  phonon,  /(LO)  can  be  written  as 

/( LO)  -  /0 (LO)  { 1  -  exp [  -  2 L,/J,  ( X )] }  ( 1 ) 

where  /0(LO)  is  the  intensity  of  the  LO  phonon  mode  from  an  undoped  semicon¬ 
ductor  or  a  low  earner  concentration  where  the  plasmon  frequency  is  toe  low  to 
affect  the  LO  phonons,  L,  is  the  width  of  SCR  and  <f  j(  X )  is  the  optical  skin  depth. 
L}  can  be  simply  expressed  as 


(2) 


where  t0  is  the  permittivity  of  free  space,  t  the  dielectric  constant  of  semiconductor, 
Nd  the  doping  density,  e  the  electron  charge  and  VB  the  magnitude  of  the 
bandbending.  It  is  obvious  that  the  changes  in  intensity  of  LO  phonon  mode  reflects 
the  changes  in  the  excess  carrier  density  in  SCR  and  the  band  bending.  Combining 
eqns.  (1)  and  (2),  we  can  determine  the  band  bending  from  the  Raman  scattering 
spectra  if  the  doping  density  is  known.  The  Raman  scattering  spectra  were  analyzed 
with  eqns.  (1)  and  (2)  and  the  results  are  given  in  Table  1.  We  have  taken  Nd  as 
6.0  x  1016  cm-3  and  dx  as  90  am  for  InP  [19], 

Due  to  the  nature  of  the  Raman  experiment,  it  is  clear  that  the  technique  can 
only  provide  information  of  semiconductor  surfaces  that  are  under  illumination. 
There  are  several  consequences;  as  an  example,  the  bands  in  SCR  may  be  flattened 
as  a  result  of  the  laser  illumination  and  the  band  bending  may  be  varied  by  laser 


intensity.  Therefore,  special  care  was  taken  in  this  work  with  respect  to  the  optical 

TABLEl  \  /  y, 

Width  of  space  charge  region  and  magnitude  of  bandbending  for  diKuiitli  ■— u-d  samples  I  * >1  -  1  •2- 


Width  of  space  charge  region  and  magnitude  of  bandbending  for  di 


v</ 


►  V|  _ 


Samples 

Raman  scattering 
spectroscopy  * 

L,/nm  Vt/\ 

Mixed  ecad  etching 

etched  30  s 

103.6 

0.75 

anodic  oxidation  -  0.3  -» +  0.7  V  vs.  SCE 

79.0 

0.42 

Bfj  -t-CHjOH  etching 

etched  30  s 

100.4 

0.70 

anodic  oxidation  -  0.3  -*  +  0.7  V  vs.  SCE 

89.0 

0.6 

The  intensity  of  the  LO  mode  at  p-InP  surface  etched  is  the  mixed  add  for  1  min  was  taken  as  / 0(LO). 
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alignment  and  laser  power  in  order  to  assure  that  the  spectra  obtained  on  subse¬ 
quent  samples  were  made  under  the  same  conditions. 

The  different  surface  o reparation  techniques  lead  to  appreciable  differences  in 
band  bending  in  the  various  samples.  The  highest  intensity  of  the  LO  phonon  mode 
was  measured  at  the  p-InP  surface  that  had  been  etched  in  the  mixed  acid  system 
for  1  min,  indicating  that  a  larger  band  bending  exists  in  SCR.  Etching  the  p-InP 
surface  in  the  mixed  acid  system  for  a  shorter  time,  say  30  s,  produces  a  weaker  LO 
phonon  mode  corresponding  to  a  smaller  band  bending.  The  dramatic  decrease  in 
the  intensity  of  the  LO  phonon  mode  at  the  anodically  oxidized  surface  is  attributed 
to  the  presence  of  more  free  hole  density  in  the  SCR  and  a  subsequent  decrease  in 
band  bending.  A  smaller  reduction  in  band  bending  was  observed  at  the  anodically 
oxidized  p-InP  surface  prior  to  Br2  +  CH3OH  etching. 

As  mentioned  above,  the  values  of  band  bending  obtained  from  the  Raman 
measurements  reflect  the  values  for  an  illuminated  surface,  regardless  of  the  band 
edge  position.  The  observed  values  for  the  band  bending  from  these  measurements 
may,  however,  be  compared  to  those  from  the  capacitance  data  (which  were  taken  in 
the  dark)  since  the  relative  values  of  change  in  band  bending  have  been  taken  into 
account  with  respect  to  different  surfaces  of  InP.  It  is  not  surprising  that  a  negative 
shift  of  flatband  potential  at  the  anodically  oxidized  p-InP  surface  responds  to  a 
reduction  of  band  bending  whether  under  illumination  or  in  the  dark.  The  Raman 
scattering  data  demonstrates  the  same  trends  of  space  charge  properties  as 
Mott-Schottky  plots. 

Many  papers  have  been  concerned  with  the  composition  of  residual  oxides 
formed  by  either  chemical  etching  (20-23]  or  of  anodically  grown  oxides  (10,24-27] 
at  the  surface  of  p-InP,  but  the  various  assignments  often  conflict.  The  negative 
shift  of  flat-band  potential  from  Mott-Schottky  and  reduction  of  the  band  bending 
from  Raman  scattering  measurements  suggest  that  the  anodix  oxide  grown  in  pH  6 
tartaric  acid  +  propylene  glycol  was  charged  with  negative  charges.  Unfortunately, 
this  anodic  oxide  at  the  InP  surface  was  not  detected  in  these  experiments  by 
Raman  scattering  spectroscopy,  probably  due  to  the  fact  that  the  anodic  oxide  was 
not  thick  enough  with  respect  to  the  magnitude  of  the  optical  skin  depth.  However, 
M  IR  spectroscopy  gave  characteristic  information  regarding  the  anodic  oxide. 
Figure  7  shows  a  spectrum  which  is  the  ratio  of  the  spectrum  taken  from  an 
anodically  oxidized  p-InP  surface  to  that  of  a  surface  only  etched  in  the  mixed  acid. 
The  bands  observed  in  Fig.  7  are  listed  in  the  first  column  of  Table  2,  and  are 
compared  with  the  literature  values  of  aqueous  solution  H2P04'  and  solid  NaH2P04 
[28].  The  bands  at  1276  and  1210  cm-1  may  be  assigned  to  the  P-O-H  in-plane 
deformation  mode  which  have  been  reported  at  1280,  1240  and  1098  cm'1  in  solid 
NaHjP04  and  at  1230  cm'1  in  aqueous  H2P04“ .  The  band  at  752  cm'1  is  assigned 
to  the  corresponding  out-of-plane  mode  which  was  observed  at  820  cm'1  in  solid 
N aH j P04 .  A  very  weak  band  at  2912  cm"1  and  a  weak  band  at  1790  cm'1  were 
observed  and  may  be  assigned  to  water  stretching  and  P-O-H  stretching  modes. 
The  POj  symmetrical  stretching  mode  gives  a  strong  band  at  1057  cm'1  and  an 
anti  symmetrical  stretch  band  at  1140  and  1120  cm'1.  The  bands  at  987  and  848 
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cm-1  may  be  regarded  as  P(OH)2  anti  symmetrical  and  symmetrical  PO  stretch.  It  is 
obvious  that  those  bands  observed  at  the  anodically  oxidized  p-InP  surface  indicate 
that  the  oxidation  products  formed  on  the  p-InP  surface  during  anodic  oxidation 
are  composed  of  H2P04"  or  IN(H2P04)3. 

Since  there  is  strong  evidence  that  the  surface  composition  of  the  oxide  depends 
on  the  pH  of  etchants  or  electrolytes  [11,29],  it  is  useful  to  consider  the  range  of 
thermodynamic  stability  of  p-LuP  as  a  function  of  pH  and  of  electrode  potential. 
Calculations  of  the  equilibrium  potential-pH  diagram  of  p-lnP  is  not  available  in 
the  literature.  Our  discussions  rely  on  the  individual  indium  and  phosphorus 
Pourbaix  diagrams  [30].  Although  the  hydrated  oxide  Pourbaix  diagrams  [30]. 
Although  the  hydrated  oxide,  ln203  •  H20  (or  IN(OH)3)  is  less  stable  than  the 
anhydrous  oxide  ln203  at  pH  5-11,  ln203  has  a  minimum  solubility  at  pH  6.9.  Its 
dissolved  form  below  pH  6.9  is  In(OH)2+  cation  which  has  a  tendency  to  form  a 
solid  indium  salt  with  most  anions.  Phosphorus  has  a  primary  oxidation  form  in  pH 
2-7.2  as  H2P04-.  During  p-InP  anodic  oxidation  in  pH  6  tartaric  acid  +  propylene 
glycol,  the  crystal  surface  could,  most  likely,  be  oxidized  to  In(H2P04)3.  This 
prediction  of  the  appropriate  Pourbaix  diagrams  does  indeed  agree  with  our  FTIP 
spectroscopic  data.  A  tentative  p-InP  oxidation  process  can  thus  be  suggested  as 

3  In  +  3  H20  -*  3  (InOH)2+  +  3  H*-  +  9e' 

3  P  +  12  H20  -»  3  (H2P04) ”+  18  H++15 

3  InP  +  15  H20  -» IN(H2P04)5  +  2  (InOH)^  +  20  H+  +  HzO  +  24 
(H2P04)3  can,  alternately,  be  written  in  terms  of  the  oxides: 

2  In(H2P04)3  -  ln203  +  3  P203  +  6  H20. 

Laughlin  and  Wilson  [10]  have  reported  the  ESCA  profile  of  a  thick  oxide  at  the 
p-InP  grown  in  a  pH  >  3  electrolyte.  Their  data  suggests  the  outer  layer  is  ln203 
rich  and  that  there  exists  an  inner  region  containing  a  higher  concentrations  of  P205. 
Thus  the  ESCA  data  indicate  that  the  phosphorus  is  in  the  P+ 5  oxidation  state.  This 
is  in  agreement  with  our  FUR  spectroscopic  data  of  a  thin  phosphate  surface 
species  formed  directly  on  p-InP  lattice  in  the  anodic  oxidation  process.  It  is 
important  to  realize  that  the  observation  of  the  incorporation  of  phosphate  surface 
species  at  p-InP  surface  can  explain  the  negative  shift  of  flat-band  potential.  The 
lattice  dangling  bonds  at  the  p-InP  surface  bond  with  phosphate  must  result  in  a 
charge  separation,  since  one  part  of  the  electric  change  (negative)  is  localized  in 
phosphate  while  the  counter-charge  (positive)  remains  at  the  p-InP  crystal  surface. 
The  amount  of  electric  damage  charge  is  determined  by  the  amount  of  phosphate 
species  formed  on  the  surface;  consequently  one  observes  a  negative  flat-band  shift 
and  a  decrease  of  LO  phonon  mode  intensity. 

It  should  be  mentioned  that  for  the  p-InP  previously  etched  in  Br2  +  CH3OH,  the 
anodically  grown  phosphate  surface  species  shows  the  same  infrared  spectrum,  but 
the  intensity  of  the  characteristic  bands  were  reduced.  This  is  an  indication  that  less 
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phosphate  was  probably  formed  on  the  surface.  This  trend  is  consistent  with  the 
Raman  scattering  results  (where  the  LO  phonon  mode  only  exhibited  a  small 
reduction  intensity  compared  with  that  etched  in  the  Br2  +  CH3OH)  and  the 
Mott-Schottky  plots  (where  a  less  negative  shift  in  flat-band  potential  is  shown) 
which  will  be  discussed  in  a  later  section. 

Various  etchants  have  been  used  to  remove  oxide  layers  at  the  p-InP  surface.  For 
example,  HF  etchant  gives  fairly  clean  and  stable  InP  surfaces  [29]  and  HQ  etches 
In?  under  the  action  of  the  G~  ion  with  phosphorus,  and  the  subsequent  removal  of 
phosphorous  from  the  surface  [22].  On  the  other  hand,  Br-based  etchants  leave 
phosphorus-rich  oxide  traces  [29].  The  2%  Br2  +  CH3OH  etchant  solution  used  in 
this  work  might  not  only  remove  the  mechanically  damaged  surface  but  also 
introduce  p-rich  oxide  traces  on  the  surfaces  corresponding  to  a  lower  intensity  of 
LO  phonon  mode  and  a  less  positive  flat-band  potential  relative  to  that  of  the 
surfaces  produced  by  the  mixed  etchant  solutions.  However,  this  trace  oxide  has  a 
thickness  ranging  from  0.4  to  0.7  nm  and  a  characteristically  discontinuous  surface 
structure  [20].  This  is  confirmed  by  the  electrical  properties  of  the  photocathode, 
which  behaved  as  an  almost  ideal  Schottky  junction  in  acetonitrile  although  a  small 
hysteresis  on  the  capacitance  curve  was  observed  due  to  the  instability  of  the  oxide 
trace.  For  the  mixed  acid  (6:1:1  HN03  +  HC1  +  HC10«  CHjCOOH)  etchant,  we 
propose  that  a  fairly  oxide-free  p-InP  surface  is  efficiently  produced  which  leads  to 
large  values  of  bandbending.  Hie  anodic  phosphate  film  (or  P-rich  oxide)  on  the 
surface  etched  with  the  mixed  acids  is  suggested  to  be  a  continuous  layer  which 
results  in  the  formation  of  a  semiconductor/oxide/electrolyte  structure  (like  a  MOS 
device)  for  the  InP  photocathode. 

Comparing  the  TO  phonon  mode  intensities  of  the  mixed  acid,  Br2  +  CH3OH 
etched  and  anodically  oxidized  p-InP  surfaces,  we  found  the  higher  TO  mode  was 
resolved  from  Br2  +  CH3OH  etched  and  anodically  oxidized  surfaces.  The  TO 
phonons  are  not  accompanied  by  a  long-range  electrical  field;  thus  they  do  not 
couple  directly  to  the  plasma  oscillations  and  are  unaffected  by  change  in  excess 
carrier  density  [31],  The  TO  phonon  mode  would,  however,  be  affected  by  structural 
bonding,  while  the  LO  mode  intensity  and  line  width  have  an  additional  contribu¬ 
tion  due  to  third  order  non-linear  susceptibility  [32].  The  enhancement  of  the  TO 
phonon  mode  on  Br2  +  CH3OH  etched  and  anodically  oxidized  p-InP  surfaces  is 
probably  due  to  the  formation  of  phosphorus-rich  oxide,  which  induced  a  modifica¬ 
tion  of  structural  bonding  and  a  difference  of  thermal  expansion  between  phosphate 
and  InP.  The  InP  surface  may,  therefore,  be  partially  inclined  toward  another 
crystal  face  (such  as  (110))  which  allows  transition  of  the  TO  phonon  mode. 

It  was  also  found  that  the  InP  surface  was  contaminated  by  carbon  after  etching 
either  in  acids  or  Br2-based  etchants.  According  to  Singh  et  aL  [33]  the  Auger 
studies  have  shown  that  the  Br2  +  CH3OH  etched  surface  is  more  contaminated 
with  C  and  O  than  add  etched  surfaces.  There  is  no  evidence  at  this  time  that 
carbon  contamination  has  any  affect  on  the  electrical  characteristics  of  the  semicon¬ 
ductor  system  [29], 

The  anodically  oxidized  InP  surface  previously  etched  in  Br2  +  CH3OH  showed 


IS 


POTENTIAL  /  Vv*.  Ag/A$+ 

Fig.  g.  Phoiocurrent-voluge  curves  for  p-InP  in  0.1  M  TBAF  containing  5  m M  TCNO  The  solid  curve 
is  that  of  the  surface  etched  in  the  mixed  add.  and  the  dashed  curve  is  that  of  the  anodically  oxidized 
surface.  The  curves  were  measured  by  the  phase  sensitive  detection  method  at  a  frequency  of  BO  Hr 


evidence  of  a  small  reduction  in  bandbending  from  the  behavior  of  the  LO  phonon 
mode  and  a  smaller  shift  in  flatband  potential  from  the  Mott-Schottky  plots.  This 
behavior  may  very  well  involve  the  severe  C  and  O  contamination  which  could  play 
an  important  role  in  the  morphology  of  the  surface  layer  formed  during  the  surface 
anodic  oxidation.  On  one  hand,  carbon  may  block  oxidation  sites  on  the  InP 
surface.  In  fact,  the  anodic  oxidation  current  at  Br2  +  CH3OH  etched  surfaces  was 
one  third  smaller  than  that  observed  on  the  mixed  acid  etched  surface.  On  the  other 
hand,  phosphate  may  grow  directly  on  P-rich  oxide  traces  resulting  in  an  island 
structure  during  anodic  oxidation.  Although  this  phosphate  is  discontinuous,  it  is 
possible  that  it  has  good  electric  properties  since  it  is  only  the  expansion  of  the 
P-rich  oxide  trace  formed  in  Br2  +  CH3OH  etching.  (There  could  be  less  mismatch 
of  the  bonding  between  the  InP  lattice  and  growing  phosphate,  which  can  become 
surface  states.)  At  some  stage  in  the  oxidation,  phosphate  growth  would  change 
from  one-dimensional  growth  to  two-dimensional  growth.  At  this  point,  the  “is¬ 
lands”  would  begin  to  contract  leaving  flaws. 

Figure  8  compares  the  photocurrent- voltage  curves  measured  from  the  mixed 
acid  etched  and  the  anodically  oxidized  InP  surfaced  by  the  lock-in  phase  sensitive 
detection  method  at  A  -  700  nm  in  0.1  M  TBAF  +  acetonitrile  solution  with  5  m  M 
tetracyanoquinodimethane  as  a  redox  couple.  For  the  mixed  add  etched  surface,  the 


16 


t  f 

light  on  light  off 

(0) 


f  f 

light  on  light  off 

(b) 

Fig.  9.  Open  circuit  photovoltage  measured  in  5  m M  TCNQ  +  0.1  M  TBA.F  +  acetonitrile  at  p-InP  (a) 
etched  in  6 : 1 : 1 : 1  nitric  +  perchloric  +  acetic  +  hydrochloric  acid  for  1  min  and  (b)  oxidized  in 
tartaric  acid  +  propylene  glycol. 

photocurrent  rose  steeply  to  saturation  after  its  potential  was  swept  across  the 
flat-band  potential.  In  contrast,  the  onset  of  the  photocurrent  at  the  anodically 
oxidized  InP  was  delayed  and  the  photocurrent  increased  with  the  potential  slowly. 
In  addition,  the  hysteresis  on  the  curve  between  the  forward  and  reverse  scans  was 
unambiguous.  Figure  9  presents  the  open  circuit  photovoltage  measured  from  the 
mixed  add  etched  and  the  anodically  oxidized  InP  surfaces.  A  significant  open-cir¬ 
cuit  photovoltage  reduction,  -  350  mV,  was  also  observed,  which  coincides  with  the 
values  of  reduction  of  the  bandbending  evident  from  the  Raman  scattering  spectra. 
The  photocurrent  onset  potential  delay  and  slow  photocurrent  increase  with  poten¬ 
tial  are  some  of  the  characteristic  features  of  tne  recombination  of  minority  carriers 
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via  surface  states  [34],  The  surface  states  were  introduced  on  the  InP  surface  along 
with  the  phosphate  formation.  They  may  arise  because  of  the  mismatch  between  InP 
and  phosphate  species  that  leaves  dangling  bonds  or  other  non-bonding  orbitals  at 
the  semiconductor  surface.  The  photoelectrochemical  properties  of  InP/oxide/elec- 
trolyte  systems  can  be  dominated  by  such  surface  states  if  they  are  present  at 
sufficient  surface  density.  For  example,  surface  states  may  pin  the  Fermi  level.  The 
origin  of  the  plateau  on  Mott-Schottky  plots  and  changes  in  the  behavior  of 
photocurrent  and  photovoltage  is  attributed  to  the  surface  state  brought  about 
P-rich  oxide  present  on  the  InP  surface.  We  estimate  the  surface  state  density  on 
InP/oxide  from  the  data  of  shift  in  flat-band  potential,  to  be  on  the  order  3  x  1013 
cm-2.  More  details  of  the  results  of  studies  on  surface  recombination  of  InP/oxide 
will  be  reported  in  a  subsequent  report. 
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